Abstract: Li-ion batteries are promoting the development of more and more performing electric vehicles (EVs) and hybrid EVs (HEVs). Thanks to their high energy density and increased current capabilitieswhich permit to use a relative light and space saving battery pack-these batteries are replacing almost all older battery chemistries in vehicle applications. Despite the advantages these cells provide, before use them in a new design, several drawbacks about safety aspects have to be considered. In fact, Li-ion battery packs require, more than other chemistry base packs, special control systems to maintain the operative conditions in a safe area and to guarantee the best performances in terms of efficiency and pack life time. One of the most challenging problems that have to be tackled by the mentioned control system is the voltage unbalance. This problem arises when more cells are connected in series with the purpose to increase the battery pack voltage. In this paper a new cell balancing architecture based on cell redundancy is proposed. This solution is especially suited to be implemented in vehicle battery management system (BMS) where cost and space reduction are the main requirements.
INTRODUCTION
The priority of electric vehicles as a primary factor of sustainable mobility is widely recognized worldwide also in the low-power two-wheels segment, i.e. scooters and bikes.
Lithium-ion (Li-ion) batteries, thanks to their high energy density, are commonly used for portable utilities and industry applications. Since voltage of a single cell is generally too low, for many high power applications such as electric vehicles (EVs), hybrid EVs (HEVs) plug-in HEVs (PHEVs), electric scooters, bikes, wheelchairs, and so on, string cells are often used. In this configuration, since the voltage of each cell can slight vary with respect to the others, the problem of cell imbalance can arise. In fact, during the charge phase, due to different internal resistance, chemical variations and temperature gradient along the pack, can happen that some cells reach the full charge condition before others, and, most important, before the entire pack charge is completed. This situation, if unmanaged, could determine overcharge of some cells and undercharge of some others. In the same way, during the discharge phase, some cells can experience over-discharge whereas others could still store available energy.
Moreover, the repetition of charge/discharge cycles increases the voltage imbalance, which is particularly detrimental in EV applications because of charge/discharge dynamics. In fact, unlike standard applications where almost complete charge/discharge phases follow one another, in EV use (except for PEHV) charge/discharge phases are partial and interleaved. This is due to the fact that discharge occurs during acceleration and drive whereas charge during regenerative braking (A. Emadi 2008) . This voltage imbalance, although can be detrimental regardless the battery chemistry, is particularly harmful for Li-ion battery. In fact, it is well known that Li-ion batteries, like other chemistries, have both maximum and minimum voltage limit, which depend on specific cell. In this case however, exceeding these limits could entail severe safety problems since these batteries have no natural gassing mechanism to release an excess of energy with consequent explosion risk (H.V. Venkatasetty 2002) . For this reason, a charge/discharge equalization procedure able to considerably improve the maintenance in time of cells efficiency is fundamental in case of vehicle Liion battery packs.
Many architectures have been proposed in order to prevent cell imbalance during charge/discharge of series-connected battery packs (Affanni October, 2005 ), (N. H. Kutkut 1999 , (Ferdowsi 2005) , (C. S. Moo 2003) and (J. Chatzakis 2003) . Each of these solutions aims to a specific goal such as cost reduction, space saving (P. Casasso 2003) , robustness, and so on. We present a new balancing approach that is suited for battery packs made up of a maximum 10 Li-ion cells for lowmedium power applications (in the range from 100W to 500W). This solution can be oriented to light electric vehicles (i.e. electric bicycles), which usually need low-medium voltage (24V-36V) and current (10A) associated to a simple, inexpensive and space-saving layout. In agreement with classification proposed in (Hong-Sun Park 2009), we focused on non-dissipative bidirectional equalizers. First of all, this means that the proposed solution doesn't use extra-power to prevent imbalance, thereby increasing the overall efficiency. In addition, it continues to work during both charge and discharge operation phases, improving balancing effectiveness. The proposed strategy is based on the availability of an additional cell that can be continuously disconnected from the load. In this way, the bypassed cell is The Q value is directly proportional to the refresh time Tref, i.e. an increase of the refresh time worsens the balancing effect. Moreover, increasing the number N of cells in the string worsens the balancing quality (even if not linearly). Figure 8 represents the trend of the quality factor Q as a function of cell number N and refresh time Tref. By using the realized prototype of BMS, i.e. In order to visually highlight the balance worsening as Tref increases, Figure 10 shows the comparison of the SoC of a 7-cell string in case of Tref =2s and Tref =120s.
CONCLUSIONS
A new BMS for string-packs of Li-ion cells has been proposed. Core of the architecture is the technique of redundant cell, i.e. the reversible disconnection of a cell in the battery pack.
Main advantages of the proposed architecture are optimal balancing of the battery pack during operation and intrinsic hardiness to cell faults. Moreover, the proposed architecture is very flexible, economical, stable and considerably spacesaving. A drawback is that a substantial effectiveness of the technique limits the dimension of the pack to about 10 cells, i.e. up to 500W. This means that the proposed BMS architecture is suited for low-power automotive applications, such as electric scooters and bikes. For higher power demanding loads, a modular combination of several cellredundant BMSs can be conceived. Of course, in this case the complexity of the layout also sensibly increases.
